Background-Prenatal exposure to environmental pollutants such as mold, lead, pesticides, tobacco, and air pollutants has been suggested to impair cognitive development. Evidence is
Introduction
Pregnant women, fetuses, and infants are particularly susceptible to environmental pollutants (EP) that alter development and can have long lasting consequences for children's long-term health and intellectual achievement (Dora et al., 2014; Grandjean and Landrigan, 2006; Jurewicz et al., 2013a; Liu and Lewis, 2014; Plunkett, 2007; Saunders and Dziegielewska, 2007) . Prenatal exposure to lead (Liu and Lewis, 2014; Ris, 2003; Tong, 1998) , molds (Anyanwu et al., 2003; Jedrychowski et al., 2011) , pesticides (Perera et al., 2005) , and smoke from tobacco, open fires, or cooking (Munroe and Gauvain, 2012; Polanska et al., 2013) have been negatively associated with long-term health and development. Research has also identified exposure to outdoor air pollutants, such as nitrogen oxides and volatile compounds produced by motor vehicles or industry, as potentially impairing cognitive development (Chiu et al., 2013; Liu and Lewis, 2014) , although more studies are neded (Suades-González et al., 2015) .
Prenatal exposure to indoor and outdoor EP may lead to abnormalities in higher brain functions associated with inadequate positioning of the neurons during development, leading to subsequent impairment in synaptogenesis, as observed in neurological diseases (Suades-González et al., 2015) such as attention deficit and hyperactivity disorder (ADHD) (Tomasi and Volkow, 2012) and autism (Maximo et al., 2014) . However, only a few studies have assessed the longitudinal impact that these EP could have on the development of healthy children. Most evidence of this association comes from animal models, cross-sectional studies, or cohort studies with a single measurement of development (Jang et al., 2012; Kundakovic and Champagne, 2011; Sadowski et al., 2014; Schantz and Widholm, 2001; Tian et al., 2010) . Moreover, these studies have assessed individual effects of specific pollutants, and failed to capture the potential combined impact of exposures that often cluster together. To our knowledge, no study has looked at the association of prenatal exposure to smoke, lead, indoor air and outdoor air pollution and other EP, individually and collectively, with developmental trajectories through the school years. Challenges in conducting this research relate to both the assessment of exposure to EP during pregnancy and the challenge of obtaining repeated measurements of cognitive development throughout childhood. For this analysis, we used information from a Mexican birth cohort to identify cognitive developmental trajectories, and assess if maternal exposure to EP during pregnancy was associated with children's cognitive development through 7 years of age.
Methods

Study design and sample selection
We conducted a longitudinal observational study. The data originates from a randomized control trial of Prenatal Omega-3 Supplementation on child Growth and Development (POSGRAD) (Ramakrishnan et al., 2010) . Mothers were enrolled between the 18th and the 22nd week of gestation in Cuernavaca, Mexico. For this analysis, we included all singleton births whose mothers had completed the environmental exposures questionnaire during pregnancy, had information about outdoor air pollutants near their homes, and had measures of cognitive development for at least one time point (12, 18, 60, or 84 mo) .
Participation in the study was voluntary. Mothers provided informed consent for themselves and their children to participate in the study. Children provided verbal assent to participate in the study at 7 years. The study was approved by the Emory University IRB and the Ethics Board of the National Institute of Public Health in Mexico.
Environmental pollutants assessment
Information on behaviors or household conditions that potentially associated with increased exposure to mold, lead, pesticides, tobacco smoke, indoor air pollutants, and other sources of EP was collected during prenatal home visits using a questionnaire. Initially, the focus of the questionnaire was to identify exposures associated with allergies or asthma. We selected the relevant questions based on recent reviews of the association between early exposure to EP and child cognitive development (Jurewicz et al., 2013a, b; Vieira, 2015) . The questions included in the index are described in the statistical analysis section.
Items were scored so that behaviors considered to increase exposure to EP received positive scores. The scores were as follows: Was there mold, slime, or humidity on walls or floors in the last month (yes=1, no=0); type of stove (2=wood or oil, 1=gas, 0=electric); uses extractor or ventilator when cooking (yes=0, no=1); window remains open during the day (yes=0, no=1), used pesticides at home (yes=1, no=0) ; mother currently smokes (yes=1, no=0); someone else smokes in the home (yes=1, no=0); and prepares food using clay pots (because of lead content; yes=1, no=0). Items with a variability of less than 3% where excluded from the final EPS.
Measurement of atmospheric pollutants-We developed area-specific land use regression (LUR) models of nitrogen oxides (NO2, NOX) and volatile organic compounds (BTX) to estimate residential exposure during pregnancy. Ambient levels of air pollutants were measured with Ogawa and 3M passive samplers during periods of 2 week in 60 different sites throughout the city of Cuernavaca. The samplers were positioned outdoors, near the participants' homes (e.g. roofs, light-poles) following standard protocols. The measurements were validated against potential predictor variables such as traffic, land use, topography, population density and distance to avenues. These models explained 60 to 70% of the variability of measured air pollution levels. Levels outside participants' homes at the time of the application of the environmental pollutants questionnaire were estimated using LUR by fitting a predictive linear model including these predictor variables.
Cognitive development measurements
The Bayley Scales of Infant Development (BSID) II were administered at 12 and 18 mo. The BSID-II is used widely to assess child development in both clinical and research settings and is sensitive to early exposures such as environmental pollutants (Black and Matula, 2000) .
The McCarthy Scales of Children's Abilities (MSCA) Test (Hayes, 1981) was administered at 5 y. This tool is used to assess cognitive development of preschool children. Good predictive validity of the general cognitive scale index of the MSCA has been demonstrated through significant correlation with achievement tests (Axelrod, 2002; Carvajal et al., 1993; Clements, 1965; Hays et al., 2002) .
The Wechsler Abbreviated Scale of Intelligence (WASI) was administered at child age 7 y. It is a short version of the commonly used Wechsler Intelligence Scale for Children. It produces three different scales: verbal, performance, and full IQ test (Axelrod, 2002; Carvajal et al., 1993; Clements, 1965; Hays et al., 2002) .
We used the Spanish versions of the three instruments, which have been previously adapted and used with Mexican infants and children (Schnaas et al., 2006; Torres-Sanchez et al., 2013; Vazquez-Salas et al., 2014) . All instruments were administered by trained psychologists in a quiet place at the study headquarters. The exact age at measurement was calculated by subtracting the date of birth to the date of the interview and used to adjust the scores.
Other covariates
Extensive socio-demographic information, obstetric history, anthropometric measurements and dietary intakes were collected at enrollment (Ramakrishnan et al., 2010) . A socioeconomic status (SES) index was developed using principal components analysis based on an income and assets questionnaire that has been used for other population studies in Mexico (Resano-Perez et al., 2003) . Maternal schooling (in years) was self-reported at enrollment. Maternal intelligence was assessed using the Raven progressive matrices tests (Raven, 2000) which is a non verbal test that is used to measure abstract reasoning. It was specifically developed as an "easy-to-administer, easy-to interpret" tool to assess fluid intelligence and has been validated for use in different settings (Raven, 2000) . The version used for this study included 3 sections of 12 problems each for a maximum possible score of 36. The test was applied by a trained psychologist in a quiet room at the study clinic (Ramakrishnan et al., 2010) .
Data on birth outcomes, child anthropometry and infant and young feeding practices, including breastfeeding, were collected for all offspring (Ramakrishnan et al., 2010) . The Home Observation for Measurement of the Environment (HOME) questionnaire was used to assess household stimulation and learning environment between 6 and 12 months (Caldwell and Bradley, 2003) . Attendance at a public or private school was also recorded at the 7 years visit.
Statistical analysis
We used Latent Class Growth Analysis (LCGA) to categorize participants into cognitive development trajectories. Estimating trajectories using LCGA permits classifying individuals based on their development across time into groups with different intercepts and slopes, thus better representing the heterogeneity of the data (Berlin et al., 2014) . Total or composite cognitive scores at each time point were converted into age adjusted z-scores to facilitate rank-ordered comparisons. We then used LCGA (a special case of growth mixed models, where variance and covariance estimates within each factor are set to zero) (Berlin et al., 2014) in M-Plus (Version 7.0, Los Angeles, CA) to identify trajectories.
We used multinomial logistic regression to estimate associations between individual items or the EPS as a whole with the developmental trajectories (ordinal logistic regression was not possible because the data do not meet the proportionallty assumption). Models were adjusted for prenatal SES, maternal schooling, Raven score of maternal intelligence, supplementation group, breastfeeding at 3 mo, home learning environment score at 6-12 mo., type of school at 7 y, and sex. We ran the models with and without adjusting for birthweight to test if the associations were mediated by this variable. We used multiple imputation to account for missing covariates information. Twenty imputed datasets were generated using PROC MI procedure in SAS using fully conditional specification. These datasets were used to run the previously described multinomial model. These estimates were then pulled using PROC MIANALYZE. The imputations were done based on socioeconomic status composite score, maternal intelligence, maternal schooling, supplementation, child sex, breastfeeding at 3 months, HOME at 12 months, and private education at 7 years. These analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC, USA). Significance level was set at p<0.05.
Results
The final sample for the cognitive development trajectories analysis included 718 children whose mothers had completed the environmental pollutants questionnaire and who had at least one measurement of cognitive development between 1 and 7 years ( Figure 2 ). In total, 449 children had cognitive development information at all 4 time points, 186 had information at 3 time points, 56 at 2 time points, and 27 at 1 time point. Mean maternal age and Raven's score at the prenatal enrollment visit were 26.4 ± 4.8 years and 41.9 ± 8.7, respectively. Women included in this analysis were similar in sociodemographic characteristics to those not included in the analysis. There were no differences in offspring characteristics at birth between those included in the sample and those with missing information, except that the final sample had a higher proportion of boys when compared to those with missing information. HOME scores were also higher in the group included in this study compared to those with missing information (Supplemental Table 1 ). The proportions of missing data for the covariates were 2.2% (n=8) for maternal schooling, 10.6% (n=76) for breastfeeding at 3 months, 18.5% (n=133) for home environment between 6 and 12 months, and 16.9% (n=122) for type of school at 7 years.
The model with three trajectories was selected as the best fit to the data based on an assessment of model fit indexes (BIC and bootstrap likelihood ratio test) and interpretability of the resulting trajectories. The first trajectory, labeled "low", included 248 children (34.7%); the second trajectory, labeled "average" included 362 children (50.4%); and the third trajectory, labeled "positive" included 108 children (14.8%) ( Figure 1 ). The mean latent class probabilities of actually belonging to the assigned trajectory were 0.82, 0.81, and 0.76 for low, average, and positive, respectively. The cognitive trajectory that was considered better development (higher average scores through 7 years) was set as the reference for the logistic regression models.
Mothers of children who followed the low cognitive development trajectory were more likely to be from households with lower SES score, have lower Ravens scores, and fewer years of schooling when compared to those in the average or positive trajectories. Similarly, children who followed the low trajectory were more likely to belong to households with lower HOME learning environment scores at 12 months, and were less likely to attend a private school at 7 years when compared to those following the other trajectories (Table 1) . The positive trajectory group also had the lowest EPS. A greater proportion of mothers whose children followed the positive trajectory also reported using an extractor or ventilating when cooking, compared to the average and low trajectories (Table 1) .
Almost all mothers used gas stoves and none reported smoking during pregnancy. These variables were excluded from the final EPS due to lack of variability. After excluding these two items, the final EPS for this analysis had a mean of 3.8±1.1 and ranged between 1 and 6. The item that had the strongest correlation (0.54) and explained the largest proportion of the variability (22%) in EPS was the use of clay pots, followed by someone else smoking in the household (0.50 and 22%, respectively). The item with the smallest correlation and proportion of the variability explained was leaving the window open (0.21 and 8%, respectively) (Supplemental Table 2 ).
In adjusted models, EPS was significantly associated with the developmental trajectories through 7 years of age; a unit increase in the score was associated with 26% greater odds of children following the average trajectory, and 41% greater odds of following the low trajectory. Children of mothers who reported moss, slime or humidity on walls or floors, and those whose mothers' reported not using extractor or ventilation when cooking or not having windows opened during the day were more likely to follow the average or low trajectories compared to positive (Table 2) . These associations did not change in models adjusted for birthweight.
The median concentrations (and interquartile ranges) of atmospheric pollutants were NO2:16.2 ± 10.2 ppb, NOx: 21.2 ± 7.2 ppb, Benzene: 2.3 ± 1.3 mcg/m 3 , Toluene: 8.3 ± 11.9 mcg/m 3 , and Xylene: 3.5 ± 5.2 mcg/m 3 . Only 2.8% had NO2 concentrations higher than the 54 ppb limit suggested by the US Air Quality Standards (although it is not necessarily comparable due to variations in time and method of data collection). Average concentrations of outdoor air pollutants (NO2, NOx, and BTX) were not significantly associated with cognitive development trajectories in this sample.
Discussion
Results from this analysis suggest a negative association between EP and cognitive development through the school years. The EPS could potentially be used for other analysis that require a quantitative estimate of environmental exposure. It is important to consider that the resulting EPS places particular emphasis on factors associated with indoor air pollutants; perhaps due to the nature of the original questionnaire that was primarily designed to assess exposures related to asthma and allergies. Nevertheless, all individual components included in the EPS explain similar proportions of the variability, suggesting that this score is a good estimate of the overall exposure to indoor environmental pollutants. The advantage of using a score is to obtain a quantitative assessment of the overall exposure to environmental pollutants, which can provide an estimate of the additive effect of different exposures even if they were not statistically significant when tested individually. The EPS serves as an useful measure of overall exposure to indoor pollutants during pregnancy, and allowed us to test the association of the comprehensive exposure to EP inside the household with child cognitive development.
Individual questions were also associated with cognitive developmental trajectories. For example, children of women who reported having mold, slime, or humidity on their homes' floor or walls during the last month were more likely to follow the average or low developmental trajectory. A similar prospective cohort study in Poland found that extended exposure (>2 years) to visible patches of mold on floors or walls during the prenatal and early postnatal periods was associated with lower IQ scores at 6 years of age (Jedrychowski et al., 2011) . Mycotoxins, which are potentially toxic by-products of molds, have been identified as potential disruptors of early brain development (Anyanwu et al., 2003) . Molds and their by-products are considered indoor air pollutants because exposure usually occurs through inhalation and adequate ventilation can reduce both their onset and impact (Johnson et al., 2009 ).
Children whose mothers reported leaving a window open were more likely to follow the positive and less likely to follow the low developmental trajectory. Adequate ventilation has been shown to improve indoor air quality by reducing the incidence of molds, and in some cases (depending on the quality of the outdoor air) exposure to volatile compounds and smoke from tobacco or cooking. Results from the measurement of atmospheric pollutants in our study show relatively low levels of these pollutants compared to other areas (Parra et al., 2009; Tiwari et al., 2010; Villanueva et al., 2016) . Moreover, we did not observe a significant association between these pollutants and cognitive development. Hence, it is possible that having an open window helped improve indoor air quality and control the level of humidity. Using extraction bells or fans when cooking during pregnancy was also associated with better cognitive developmental outcomes through 7 years. Most women in this study cooked with gas stoves and it is possible that the use of extraction bells mitigated exposure to this pollutant. A longitudinal study from Spain found that exposure to gas appliances (compared to electric) during the first 3 months of life was associated with lower scores in the MCSA at 4 years of age (Morales et al., 2009 ).
Together, the results from the individual items and the EPS support the implementation and evaluation of strategies to improve indoor air quality, such as improving home ventilation during the day and while cooking, or the use of air purifiers, which have also been suggested as potential alternatives in places with high levels of outdoor atmospheric pollutants (Laumbach et al., 2015) .
Prenatal exposure to outdoor atmospheric pollutants was not significantly associated with cognitive developmental trajectories in this study. This is consistent with a study of six European birth cohorts that found that perinatal exposure to air pollution (NO2) was not associated with cognitive development at 6 years (Guxens et al., 2014) . It is important to consider that the concentrations of nitrogen oxides and BTX in the study area were relatively low during the initial two years of the study and worsened over time (Salcedo et al., 2012) . The potential impact of prenatal exposure to higher concentrations of nitrogen oxides and BTX on long-term cognitive development remains unclear.
Other potential limitations that should be considered for the interpretation of the findings include that most of the information used for the analysis was self-reported by the mothers; however the questions were straight forward and referred to habitual behaviors or exposures. Due to the challenges of obtaining objective measurements of habitual exposures, this could also be considered an advantage. Another limitation of this study is that causality cannot be ascertained. It is possible that the influence of maternal behaviors to reduce exposure to the pollutants is confounded by the mother being proactive in other areas related to the health or development of the child. We do not have biological markers of the exposures. However, we used the EPS as a comprehensive measure of exposure to pollutants and adjusted for a wide range of child and sociodemographic variables. Similarly, it is possible that these exposures were not limited to the prenatal period and that most of them continued during the early postnatal life; hence, postnatal exposure to these EP might also be responsible for the association with cognitive development. There is a potential issue with multiple testing increasing the likelihood of a chance finding. In this sense, an advantage of using scores and trajectories is the potential to reduce multiple testing. Although it is impossible to completely rule out the possibility of a chance finding, our results very consistently support associations between variables related to indoor air quality and cognitive developmental trajectories. A limitation of the LCGA methodology is that the selection of the number of classes is conducted by the researcher. However, the association in the expected direction of known predictors of cognitive development such as SES, maternal schooling and intelligence, home learning environment at 12 months, and child's type of school with the trajectories, validates the qualitative value of the selected classes.
The use of developmental trajectories was an important strength of this study. The trajectories are more reliable estimates of long-term development than single scores at individual time-points. They allowed us to track the development of children across time. The development of trajectories was possible because there were up to four measurements of cognitive development at different ages. The use of different cognitive development tests at different ages often presents a challenge, which we addressed by developing internal agestandardized z-scores. Similarly, assessing the impact of indoor EP as an index allowed us to capture an environmental profile rather than simple associations with individual questions that are more susceptible to chance findings. Other strengths of the study include the relatively large sample size, the availability of a wide range of factors associated with development from the prenatal period through the school years, and availability of objective measurements of outdoor air pollution.
Conclusion
Exposure to indoor EP was associated with worse developmental trajectories through 7 years of age in this study. These results support the development and testing of interventions to reduce exposure to indoor environmental pollutants during pregnancy. Improving home ventilation and air quality and decreasing exposure to mold or pesticides during pregnancy could be explored as potential strategies to improve child cognitive development. Sample selection for the analysis of prenatal exposure to environmental pollutants and cognitive development trajectories through 7 years Table 2 Association between prenatal exposure to environmental pollutant scores and the odds of following an "average" or "low" developmental trajectory compared to "positive" in a sample of 718 Mexican children a,b,c a Trajectories were developed using latent class growth modeling analysis.
LCGA
Latent Class Growth Analysis
IRB
b Values are odds ratios and 95% confidence intervals of the likelihood to follow the "Average" or "Low" developmental trajectory compared to the "Positive" trajectory per unit increase in the exposure or environmental pollutant.
c The estimates are results of multinomial regression models adjusted for socioeconomic status composite score, maternal intelligence, maternal schooling, supplementation, child sex, breastfeeding at 3 months, HOME at 12 months, and private education at 7 years. Multiple imputation was used to account for missing information in the confounders; 20 different datasets were estimated using fully conditional specification multiple imputation and pooled into the final estimates presented in this table.
d The EPS is the result of coding and adding the following questions: Were there molds or humidity in the walls of your home during the last month? Do you not use an extractor or ventilation system when cooking? Do all windows remain closed throughout the day? Have you used pesticides at home in the last month? Does someone else smoke at home? Do you use vidriated clay pots to prepare food? Type of stove and maternal smoking were not included due to lack of variability
